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Abstract: Exogenous corticosterone administration reduces GABAergic transmission and impairs
its 5-HTy receptor-dependent modulation in the rat dorsal raphe nucleus (DRN), but it is largely
unknown how neuronal functions of the DRN are affected by repeated physical and psychological
stress. This study compared the effects of repeated restraint stress and corticosterone injections on
DRN neuronal excitability, spontaneous synaptic transmission, and its 5-HT; receptor-dependent
modulation. Male Wistar rats received corticosterone injections for 7 or 14 days or were restrained for
10 min twice daily for 3 days. Repeated restraint stress and repeated corticosterone administration
evoked similar changes in performance in the forced swim test. They increased the frequency of
spontaneous excitatory postsynaptic currents (SEPSCs) recorded from DRN neurons. In contrast to
the treatment with corticosterone, restraint stress-induced changes in sEPSC kinetics and decreased
intrinsic excitability of DRN neurons did not modify inhibitory transmission. Repeated injections
of the 5-HT7 receptor antagonist SB 269970 ameliorated the effects of restraint on excitability and
sEPSC frequency but did not restore the altered kinetics of sEPSCs. Thus, repeated restraint stress
and repeated corticosterone administration differ in consequences for the intrinsic excitability of DRN
projection neurons and their excitatory and inhibitory synaptic inputs. Effects of repeated restraint
stress on DRN neurons can be partially abrogated by blocking the 5-HT7 receptor.

Keywords: 5-HTy receptor; SB 269970; stress; corticosterone; dorsal raphe nucleus; glutamatergic

transmission; GABAergic transmission; serotonin

1. Introduction

Chronic stress results in hyperactivation of the hypothalamic-pituitary-adrenal (HPA)
axis, which contributes to the pathophysiology of mood disorders [1-3]. Acute and chronic
stressors affect serotonin (5-HT) neurotransmission by modifying 5-HT release and reup-
take, changing extracellular 5-HT levels, and altering the expression of 5-HT receptors in
different brain structures [4-6]. These effects have been attributed to the activation of gluco-
corticoid receptors in the dorsal raphe nucleus (DRN) [7,8], the main source of widespread,
long-range 5-HT projections to the forebrain. However, the influence of different forms of
repeated stress on the functions of the DRN is not fully understood.

The activity of DRN 5-HT projection neurons remains under the control of a complex
system of glutamatergic and GABAergic synaptic inputs. The excitatory afferents to the
DRN originate in the prefrontal cortex and several subcortical sources [9,10]. Inhibitory
synaptic inputs to DRN 5-HT projection neurons are provided mainly by local GABAer-
gic interneurons [11,12], but the DRN also receives long-range GABAergic innervation
from other brain structures [13]. Using an animal model of stress-induced depression-
like behavior in rodents—repeated corticosterone administration [14]—we had previously
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investigated the influence of corticosterone on inhibitory synaptic transmission in the
DRN. We found that repeated corticosterone administration for 7 and 14 days decreased
the frequency of spontaneous inhibitory postsynaptic currents (sIPSCs) recorded from
DRN projection neurons but did not modify the excitability of these neurons [15,16]. We
also showed that corticosterone treatment lasting for 7 days increased the frequency of
spontaneous excitatory postsynaptic currents (sEPSCs) in DRN projection neurons [16].
Corticosterone administration, however, mimics only one aspect of the organism’s stress
response, namely the elevation of corticosterone plasma levels. It does not engage all com-
ponents of the stress response [17]. Repeated restraint is an experimental paradigm used to
evoke behavioral modifications in response to full activation of the stress response [18-21].
We have previously found enhanced excitatory synaptic activity recorded from neurons in
hypothalamic and frontal cortical slices of rats that had been restrained for 10 min, twice
daily for 3 days [22-24]. In the present study, we aimed to compare the effects of this
pattern of repeated restraint on the glutamatergic input to DRN projection neurons and
their intrinsic excitability with those of corticosterone treatment lasting 7 and 14 days.
Among several 5-HT receptor subtypes, the 5-HT7 receptor (5-HT7R) is particularly
abundant in the DRN [25]. Activation of the 5-HT7R modifies the activity of the DRN
neuronal network by increasing the excitability of local inhibitory interneurons and thus
indirectly reducing the spiking activity of rat DRN projection cells [12]. We had previously
shown that corticosterone treatment lasting 14 days dampened basal inhibitory transmis-
sion in the DRN and blunted the 5-HT7R-mediated increase in sIPSC frequency in projection
neurons. Administration of the 5-HT7R receptor antagonists SB 269970, concurrent with
corticosterone, prevented these effects [15]. Since 5-HT7Rs also appear to modulate sEPSCs
in DRN projection neurons [16], the second aim of this study was to verify whether SB
269970 administration could ameliorate the repeated restraint-induced modifications of the
excitatory synaptic input and its reaction to the activation of the 5-HT7R in DRN neurons.

2. Results
2.1. Comparison of the Effects of Repeated Corticosterone Administration and Repeated Restraint
on the Forced Swim Test

The effects of repeated corticosterone administration and repeated restraint on perfor-
mance on the forced swim test (FST) tested in Experiment 1 (see Section 4) were similar.
Rats receiving corticosterone for 7 days (termed: 7d Cort) demonstrated shortened climbing
time during the second trial of the FST in comparison to control animals receiving vehicle
(termed: 7d Tw; 7d Tw vs. 7d Cort: 178.80 £+ 7.02 s vs. 76.10 + 5.07 s; t = 11.86, df = 18,
p <0.001; t-test; Figure 1a). Moreover, rats receiving repeated corticosterone injections
for 7 days demonstrated shortened mobility time (7d Tw vs. 7d Cort: 184.00 4= 6.44 s vs.
80.90 + 5.32 s; t = 12.35, df = 18, p < 0.001; t-test) and prolonged immobility time (7d Tw vs.
7d Cort: 116.00 £ 6.44 s vs. 219.10 £ 5.32 s; t = 12.35, df = 18, p < 0.001; t-test; Figure 1a).

Rats subjected to repeated corticosterone administration for 14 days (termed: 14d
Cort) showed shortened climbing time in comparison to control animals receiving vehicle
(termed: 14d Tw; 14d Tw vs. 14d Cort: 190.40 4 9.42 s vs. 80.60 + 6.88 s; t =9.415, df = 18,
p < 0.001; t-test; Figure 1b). These animals also exhibited shortened mobility time (14d Tw
vs. 14d Cort: 198.00 £ 9.08 s vs. 84.10 £ 7.11 s; t = 9.879, df = 18; t-test) and prolonged
immobility time (14d Tw vs. 14d Cort: 102.00 & 9.08 s vs. 215.90 £ 7.11 s; t = 9.879, df = 18,
p < 0.001; t-test; Figure 1b).

Similarly, animals subjected to repeated restraint twice daily for 3 days (termed: RS)
demonstrated significantly shortened climbing time in comparison to control, handled
animals (termed: hand) during the second trial of the FST (hand vs. RS: 180.70 &= 8.79 s vs.
110.20 + 4.78 s; t = 7.05, df = 18, p < 0.001; t-test; Figure 1c). RS rats exhibited shortened
mobility time (hand vs. RS: 187.40 £ 8.89 s vs. 113.40 £ 4.67 s; t =7.37, df =18, p < 0.001;
t-test) and prolonged immobility time (hand vs. RS: 122.60 £ 9.30 s vs. 186.60 * 4.67 s;
t=6.15, df = 18, p < 0.001; t-test; Figure 1c) as well.
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Figure 1. Repeated corticosterone administration lasting 7 days (7d Cort; (a)) or 14 days (14d Cort;
(b)) and restraint stress (RS; (c)) result in a decrease in climbing time (left) and mobility time (middle)
and in an increase in immobility time (right) in the forced swim test compared to control animals
receiving vehicle (7d Tw or 14d Tw) or handling (hand), respectively. Shown are mean values + SEM
with circles representing each rat’s performance. *** p < 0.001.

2.2. Comparison of the Effects of Repeated Corticosterone Administration and Repeated Restraint
on Intrinsic Excitability of DRN Neurons and Their Synaptic Inputs

In Experiment 1, all cells subjected to analysis expressed responses characteristic of
putative DRN 5-HT projection neurons (Figure 2a;) [12]. The resting membrane potential,
input resistance, and gain of DRN neurons originating from animals treated with corticos-
terone for 7 or 14 days did not differ from cells obtained from animals receiving vehicle
(Table 1; Figure 2ap,by,c1), [15]. In contrast, neurons in slices prepared from rats subjected to
restraint expressed reduced gain in comparison to control, handled rats (t = 9.197, df = 45,
p < 0.001; t-test; Figure 2d;). The resting membrane potential and input resistance of these
cells were unchanged (Table 1).
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Figure 2. The effects of repeated corticosterone administration lasting 7 or 14 days and restraint stress
on the excitability and spontaneous postsynaptic currents recorded from DRN neurons. (a1) Response
of a representative putative 5-HT cell to depolarizing current pulses of increasing intensity; (az) Rela-
tionship between spiking rate and injected current for the cell shown in (ag). The slope of the straight
line fitted to experimental data represents gain; (b1,c1,d1) Graphs showing the effects of repeated
corticosterone administration lasting 7 days (7d Cort) or 14 days (14d Cort) and restraint stress (RS)
on the gain of DRN neurons; (by,c,dz) The effects of repeated corticosterone administration lasting
7 days or 14 days and restraint stress on the mean frequency (left) and mean amplitude (right) of
sESPCs. Shown in the upper part of each panel are sample sEPSC recordings from representative
neurons from each group; (bs,c3,d3) The effects of repeated corticosterone administration lasting
7 days or 14 days and restraint stress on the mean frequency (left) and mean amplitude (right) of sIS-
PCs. Shown in the upper part of each panel shown are sample sIPSC recordings from representative
neurons of each group. Bars represent mean values + SEM, with circles representing individual cells.
7d Tw, 14d Tw—vehicle administered for 7 and 14 days, respectively; a hand—handling. *** p < 0.001.
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Table 1. Effects of corticosterone and restraint stress on basic electrophysiological characteristics of

recorded neurons (mean + SEM).

Group Vi (mV) R,,, MQ) Gain (Hz/pA) n
7d Tw —68.78 + 0.87 597.80 £+ 22.33 0.0347 + 0.0018 18
7d Cort —69.36 + 0.59 598.10 £ 16.76 0.0347 + 0.0012 22
14d Tw —67.10 £ 1.09 581.00 + 15.79 0.0345 + 0.0020 20
14d Cort —67.36 + 0.95 583.00 £+ 13.24 0.0325 + 0.0015 22
hand —65.91 + 0.69 558.20 £ 11.30 0.0387 + 0.0008 23
RS —65.82 + 0.64 545.50 + 11.57 0.0293 +£ 0.0007 *** 24

Vu—resting membrane potential; R,,—input resistance; n—number of cells; *** p < 0.001, t-test.

Increased mean frequency of sEPSCs was evident after repeated administration of
corticosterone for 7 and 14 days (7d Cort: t = 7.690, df = 38, p < 0.001; 14d Cort: t = 6.254,
df =40, p < 0.001; t-test; Figure 2by,cy; Table 2) but neither the mean amplitude of sEPSCs
nor parameters characterizing the kinetics of sEPSCs were altered in these groups of
animals (Figure 2b;,c,; Table 2). In cells originating from rats subjected to restraint, the
mean frequency of sEPSCs was higher in comparison to handled animals (t = 20.160,
df =45, p < 0.001; t-test; Figure 2d,; Table 2), but in contrast to neurons from rats receiving
corticosterone, both the rise time and the decay time constant of sEPSCs were shortened
(t=4.230, df =45, p < 0.001 and t = 2.292, df = 45, p = 0.027, respectively; t-test; Table 2).

Table 2. Effects of corticosterone and restraint stress on parameters characterizing sEPSCs
(mean + SEM).

. . . Decay Time
Group Mean Frequency (Hz) Mean Amplitude (pA) Rise Time (ms) Constant (7, ms) n
7d Tw 1.85 £ 0.10 11.82 £ 0.17 1.057 £ 0.022 4912 +0.184 18
7d Cort 3.46 £ 0.17 *** 11.95 + 0.22 1.046 £ 0.027 4931 +£ 0.157 22
14d Tw 1.87 £ 0.16 11.79 £ 0.27 1.053 £ 0.023 4.979 +£0.208 20
14d Cort 3.53 £ 0.21 *** 11.85 £ 0.29 1.056 £ 0.036 4.962 + 0.170 22
hand 1.56 = 0.05 10.67 £ 0.15 1.221 £ 0.013 5.283 £ 0.093 23
RS 3.67 £ 0.09 *** 10.59 £ 0.12 1.146 + 0.012 *** 5.050 £ 0.045 * 24
n—number of cells; * p < 0.05, *** p < 0.001, -test.
In the same sample of DRN neurons, a decrease in the mean frequency of sIPSCs was
observed after repeated administration of corticosterone for 7 and 14 days (7 days: t = 8.243,
df = 38, p < 0.001; 14 days: t = 10.22, df = 40, p < 0.001; t-test; Figure 2bs,c3; Table 3) and
neither the mean amplitude of sIPSCs nor the parameters characterizing the kinetics of
sIPSCs were modified (Table 3). This is in line with a previous study [15]. In contrast, in
cells originating from rats subjected to restraint (RS), the mean frequency, mean amplitude,
rise time, and decay time constant of sSIPSCs were unchanged (Figure 2ds; Table 3).
Table 3. Effects of corticosterone and restraint stress on parameters characterizing sIPSCs
(mean + SEM).
Group Mean Frequency (Hz) Mean Amplitude (pA) Rise Time (ms) Decay Time n
Constant (7, ms)
7d Tw 0.77 £ 0.05 19.33 £ 0.26 1.894 + 0.092 6.967 £ 0.171 18
7d Cort 0.37 £ 0.02 *** 19.80 £ 0.48 1.873 £ 0.079 7.007 £ 0.159 22
14d Tw 0.77 £ 0.03 19.61 £ 0.30 1.878 £ 0.078 6.993 £ 0.183 20
14d Cort 0.36 £ 0.03 *** 19.77 £ 0.27 1.810 £ 0.051 6.993 £+ 0.174 22
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Table 3. Cont.
Grou Mean Frequency (Hz) Mean Amplitude (pA) Rise Time (ms) Decay Time n
p q Y p p Constant (T, ms)
hand 0.80 + 0.02 19.82 £ 0.10 1.899 £+ 0.018 7.738 £ 0.084 23
RS 0.78 £+ 0.02 19.71 £ 0.09 1.924 £ 0.023 7.733 £ 0.086 24

n—number of cells; *** p < 0.001, ¢-test.

2.3. SB 269970 Attenuates the Effects of Repeated Restraint on the Excitability of DRN Neurons
and Spontaneous EPSCs

We had previously shown that the 5-HT7R antagonist, SB 269970, ameliorated the
effects of repeated corticosterone administration for 14 days on GABAergic transmission
and 5-HT7R reactivity in the DRN [15]. In Experiment 2, we tested the possibility of
preventing restraint stress-induced effects on the functions of DRN neurons by treatment
with SB 269970. Restraint stress and SB 269970 significantly affected the excitability of DRN
neurons (ANOVA: F(3 g7) = 12.63, p < 0.001). In neurons originating from rats subjected to
restraint for 3 days and receiving vehicle injections (0.9% NaCl; termed: RS + NaCl), the
gain was significantly lower in comparison to handled, vehicle-injected control (termed:
hand + NaCl; hand + NaCl vs. RS + NaCl: q = 7.691, df = 87, p < 0.001; Tukey test;
Table 4). Administration of SB 269970, along with restraint (termed: RS + SB), prevented
the occurrence of restraint-related changes in the excitability of DRN neurons (hand + NaCl
vs. RS + SB: q =1.791, df = 87, p = 0.587; RS + NaCl vs. RS + SB: q = 5.900, df = 87, p < 0.001;
Tukey test; Table 4). Neither the resting membrane potential nor the input resistance of
DRN neurons changed significantly due to either separate or joint exposure to restraint
and/or SB 269970 (V;,;: ANOVA: Fzg7) = 2.168, p = 0.098; Rm: ANOVA: F387) = 0.673,
p = 0.571; Table 4).

Table 4. Effects of restraint and SB 269970 on basic electrophysiological characteristics of DRN
neurons (mean + SEM).

Group Vin (mV) R, MQ) Gain (Hz/pA) n
hand + NaCl —68.78 + 0.87 597.80 £+ 22.33 0.0347 + 0.0018 23
hand + SB —65.05 + 0.62 554.80 + 20.92 0.0394 + 0.0014 22
RS + NaCl —67.48 +0.96 545.30 + 14.15 0.0309 + 0.0008 *** 23
RS + SB —67.35 + 0.87 538.70 £ 16.80 0.0378 £ 0.0011 *** 23

n—number of cells; One-Way ANOVA with post hoc Tukey test; hand + NaCl vs. RS + NaCl: *** p < 0.001;
RS + NaCl vs. RS + SB: *** p < 0.001.

Restraint stress and SB 269970 altered the mean frequency of sEPSCs (Figure 3a)
recorded from DRN neurons (ANOVA: F3 g7 = 140.20, p < 0.001). In neurons originating
from rats subjected to restraint and receiving vehicle injections (termed: RS + NaCl),
the mean sEPSC frequency was higher than in control preparations (hand + NaCl vs.
RS + NaCl: q =24.97, df = 87, p < 0.001; Tukey Test; Figure 3b;; Table 5). Cells from rats
receiving SB 269970 along with restraint (termed: RS + SB) showed markedly lower sEPSC
frequency in comparison to cells from restrained animals receiving vehicle (RS + NaCl
vs. RS + SB: q =20.12, df = 87, p < 0.001; Tukey test). However, in the RS + SB group, the
mean frequency of sEPSCs was still slightly higher than in the control group receiving
handling and vehicle injections (hand + NaCl vs. RS + SB: q = 4.852, df = 87, p = 0.005;
Tukey test; Figure 3bq; Table 5). Administration of SB 269970 alone did not affect mean
sEPSC frequency (hand + NaCl vs. hand + SB: q = 0.117, df = 87, p = 0.999; Tukey test;
Figure 3by; Table 5). No differences in the mean sEPSC amplitude between groups were
observed (ANOVA: F3g7) = 2.03, p = 0.116; Tukey test; Figure 3by; Table 5).
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Figure 3. The influence of SB 269970 administration on restraint stress-induced effects on sEPSCs in
DRN neurons. (a) Sample sEPSC recordings from representative neurons of each group; (b1) Mean
(£SEM) sEPSC frequency. hand + NaCl vs. RS + NaCl: ** p < 0.001; RS + NaCl vs. RS + SB:
***p <0.001; hand + NaCl vs. RS + SB: ** p < 0.01; (bz) Mean (+ SEM) sEPSC amplitude; (c1) Su-
perposition of averaged sEPSCs from representative neurons of each group; (cz) sEPSC rise time
(mean + SEM). hand + NaCl vs. RS + NaCl: ** p <0.01; hand + NaCl vs. RS + SB: * p < 0.05. (c3) sEPSC
decay time constant (mean + SEM). Hand + NaCl vs. RS + NaCl: *** p < 0.001; hand + NaCl vs.
RS + SB: * p < 0.05. In each bar, graph circles represent individual cells.

Table 5. Effects of restraint and SB 269970 on parameters characterizing sEPSCs (mean + SEM).

Group Mean Frequency Mean Amplitude Rise Time (ms) Decay Time Constant
(Hz) (pA) (T, ms)
hand + NaCl 1.58 £ 0.08 ** 10.54 £ 0.20 1.274 £ 0.031 * 5576 + 0.114 * 23
hand + SB 1.59 + 0.06 11.05 £ 0.17 1.295 £ 0.017 5.575 £ 0.101 22
RS + NaCl 3.66 £ 0.09 *** 10.98 £ 0.23 1.172 £ 0.013 ** 4.980 £ 0.066 *** 23
RS + SB 1.98 £ 0.09 *** 10.52 £ 0.18 1.198 +0.013 5.190 £ 0.107 23

n—number of cells; One-Way ANOVA with post hoc Tukey test; hand + NaCl vs. RS + NaCl: ** p < 0.01,
*** 1 < 0.001; RS + NaCl vs RS + SB: *** p < 0.001; hand + NaCl vs. RS + SB: * p < 0.05, ** p < 0.01.

Repeated restraint and SB 269970 also altered the rise time (ANOVA: F(357) = 8.815,
p < 0.001) and the decay time constant of SEPSCs (ANOVA: F3 g7) = 8.603, p < 0.001; Figure 3c7).
Restraint stress decreased both the rise time (hand + NaCl vs. RS + NaCl: q = 5.174, df = 87,
mboxemphp = 0.002; Tukey test; Figure 3cy; Table 5) and the decay time constant (hand + NaCl
vs. RS + NaCl: q =5.941, df = 87, p < 0.001; Tukey test; Figure 3c3; Table 5). Administration of
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SB 269970 did not prevent these changes in rise time (RS + NaCl vs. RS + SB: q =1.321, df = 87,
p =0.787; hand + NaCl vs. RS + SB: q = 3.853, df = 87, p = 0.038; Tukey test; Figure 3cy; Table 5)
and the decay time constant (RS + NaCl vs. RS + SB: q = 2.095, df = 87, p = 0.453; hand + NaCl
vs. RS + SB: q = 3.846, df = 87, p = 0.039; Tukey test; Figure 3c3; Table 5).

Restraint stress and SB 269970 altered neither the mean frequency, mean amplitude,
rise time, nor decay time constant of sIPSCs recorded from DRN neurons (ANOVA; fre-
quency: F3 73) = 0.382, p = 0.767; amplitude: F3 73 = 2.585, p = 0.060; rise time: F(3 73) = 0.100,
p = 0.960; decay time constant: F3 73) = 1.981, p = 0.124; Table 6).

Table 6. Effects of restraint and SB 269970 on parameters characterizing sIPSCs (mean + SEM).

Group Mean Frequency Mean Amplitude Rise Time Decay Time Constant »
(Hz) (pA) (ms) (T, ms)

hand + NaCl 0.80 £ 0.02 19.61 £0.17 1.908 + 0.050 7.783 £ 0.166 19

hand + SB 0.77 £0.03 19.30 +0.24 1.944 + 0.074 7.500 + 0.126 19

RS + NaCl 0.79 £ 0.02 19.92 +0.14 1.944 £ 0.040 7.895 + 0.158 19

RS + SB 0.80 £ 0.02 19.85 £ 0.13 1.933 £ 0.044 7.963 £ 0.128 20

n—number of cells; One-Way ANOVA: p > 0.05.

2.4. 5B 269970 Counteracts the Effects of Repeated Restraint on 5-HT; Receptor-Mediated
Changes in the Frequency of Spontaneous EPSCs

The frequency of sIPSCs recorded from rat DRN projection neurons is modulated by
the 5-HT7R [12]. To test the effect of 5-HT7 receptor activation on sEPSCs in these neurons
and to investigate the influence of restraint and SB 269970 on this effect, 5-CT, an agonist of
the 5-HTy receptor (see methods), was added to the ACSF after the initial recording of the
basal synaptic activity described above.

Two-way ANOVA with repeated measures demonstrated significant effects of 5-CT
(F(1,87) = 571.50, p < 0.001) and experimental group (F3 g7) = 147.90, p < 0.001), albeit with
no interaction between these factors (F(3 g7) = 1.137, p = 0.339), on the mean frequency of
sEPSCs recorded from cells obtained from animals subjected to restraint/handled and/or
injected with SB 269970. Activation of the 5-HT7R resulted in a significant reduction of
sEPSC frequency in all groups (hand + NaCl: t = 11.41, df = 87, p < 0.001; hand + SB:
t=10.58, df = 87, p < 0.001; RS + NaCl: t =12.79, df = 87, p < 0.001; RS + SB: t = 13.06,
df = 87, p < 0.001, Sidak test; Table 7, Figure 4a;). The data show that restraint stress
attenuated the effect of 5-HT7R activation on sEPSCs frequency (Table 7, Figure 4a;), and
administration of SB 269970, along with restraint, prevented the occurrence of this restraint-
related modification in the reaction of sEPSCs to 5-HT7R activation (Table 7, Figure 4aj).
Activation of the 5-HT7R induced no changes in the mean sEPSC amplitude in any of the
groups (not shown).

Table 7. Effects of 5-HTy receptor activation on parameters characterizing sEPSCs in DRN neurons
from rats receiving restraint and SB 269970 (mean + SEM).

Mean Frequency (Hz)
Group n
Before 5-CT With 5-CT % of Baseline
hand + NaCl 1.58 £ 0.08 1.24 + 0.08 *** 77.68 £1.85 23
hand + SB 1.59 £ 0.06 1.26 £ 0.05 *** 79.62 £ 0.94 22
RS + NaCl 3.66 £+ 0.09 3.28 £ 0.09 *** 89.44 + 0.51 *** 23
RS + SB 1.98 £ 0.09 1.59 £ 0.09 *** 79.98 £+ 2.02 *** 23

n—number of cells; RM Two-Way ANOVA with post hoc Sidak test: *** p < 0.001. For percentage values: One-Way
ANOVA with post hoc Tukey test: hand + NaCl vs. RS + NaCl: *** p <0.001; RS + NaCl vs. RS + SB: *** p < 0.001.
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Figure 4. The influence of SB 269970 administration on restraint stress-induced changes in sEPSC
(a1,a2) and sIPSC frequency (bq,b2) and the effects of 5-HT7R activation. (a1) The effects of 5-HT7R
activation on the frequency of sEPSCs recorded from neurons originating from each group. For each
cell, shown are mean sEPSC frequency values before (open circles) and after (filled circles) addition
of 5-CT to the ACSE. *** p < 0.001; (az) The effect of 5-HT7R activation on the sEPSC frequency
(mean + SEM) shown as a percentage of basal sEPSC frequency (before 5-CT addition). Hand + NaCl
vs. RS + NaCl: *** p < 0.001; RS + NaCl vs. RS + SB: *** p < 0.001; (b1) The effects of 5-HT7R activation
on the frequency of sIPSCs recorded from neurons originating from each group. For each cell, shown
are mean sIPSC frequency values before (open circles) and after (filled circles) addition of 5-CT to the
ACSFE. *** p < 0.001; (b2) The effect of 5-HT7R activation on the sIPSC frequency (mean + SEM) shown
as a percentage of basal sEPSC frequency; p > 0.05. In each graph, circles represent individual cells.

Two-way ANOVA with repeated measures demonstrated a significant effect of 5-CT
(F,73) = 1501, p < 0.001) on the mean frequency of sIPSCs recorded from cells obtained
from animals subjected to restraint and/or SB 269970 administration. No effect of the exper-
imental group (F3 73) = 0.492, p = 0.689) or interaction between these factors (F(3 73) = 1.166,
p = 0.329) were observed. Activation of the 5-HT7R resulted in a significant increase in the
frequency of sIPSCs in all groups (hand + NaCl: t = 19.37, df = 73, p < 0.001; hand + SB:
t=17.72,df =73, p < 0.001; RS + NaCl: t = 20.22, df = 73, p < 0.001; RS + SB: t = 20.21,
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df =73, p < 0.001, Sidak test; Table 8, Figure 4bq,b;). There were no differences between
groups in the mean sIPSC amplitude before and after 5-HT7R activation (not shown).

Table 8. Effects of 5-HT7 receptor activation on parameters characterizing sIPSCs in DRN neurons
from rats receiving restraint and SB 269970 (mean + SEM).

Mean Frequency (Hz)
Group n
Before 5-CT With 5-CT % of Baseline
hand + NaCl 0.80 &+ 0.02 0.98 £ 0.03 *** 122.20 £ 1.07 19
hand + SB 0.77 £0.03 0.93 £ 0.04 *** 121.40 +0.83 19
RS + NaCl 0.79 £+ 0.02 0.97 £+ 0.02 *** 123.90 £1.22 19
RS + SB 0.80 £ 0.02 0.98 £ 0.02 *** 122.90 £ 1.11 20

n-number of cells; RM Two-Way ANOVA with post hoc Sidak test: *** p < 0.001. For percentage values: One-Way
ANOVA: p > 0.05.

3. Discussion

Repeated corticosterone administration is regarded as a preclinical rodent model of
chronic stress [14]. Repeated daily corticosterone administration for up to 21 days in a
high-dose regimen (40 mg/kg per day) induces depressive behavior in the FST [26]. A
lower dose of corticosterone (20 mg/kg per day), like that used in the present study, has also
been reported to increase immobility in the FST 20 days after administration [27], and the
present data show that this effect could already be observed after 7 days of corticosterone
injections. On the other hand, in contrast to repeated corticosterone injections, restraint
stress repeated daily for 21 days had no significant effect on immobility in the FST [28]. This
observation may be attributed to the known effect of a progressive reduction (habituation)
of the hypothalamic—pituitary—adrenal (HPA) axis activation with repeated exposure to the
same (homotypic) stressor [29-31]. It has been reported that a restraint stress procedure
identical to the one used in our study (10 min twice daily) and repeated over 3, 7, and
14 days resulted in a progressive reduction of the magnitude of plasma corticosterone
surge that occurs in response to acute restraint [19]. Therefore, we used a repeated restraint
regime that provides the strongest HPA axis activation in increased plasma corticosterone
levels. It should be noted that the present results were obtained in male rats. It has
been demonstrated that there are sex differences in the effects of repeated restraint in the
dorsal raphe nucleus, including, e.g., 5-HT; receptor G-protein coupling responses [32].
Importantly, young adult male rats, as used in the present study, express more pronounced
repeated restraint-induced changes in the number of TPH-positive DRN neurons than old
males [33].

Although marked changes in performance in the forced swim test were evident in
Experiment 1, we observed no changes in the input resistance and intrinsic excitability of
DRN projection cells after corticosterone treatment lasting 7 or 14 days, consistent with
our previous studies [15,16]. It has recently been reported that repeated corticosterone
administration for 21 days decreased the intrinsic excitability in a subpopulation of rat
DRN projection cells [34]. While we have not differentiated recorded DRN neurons, and
therefore any possible modification specific to certain cells might not have been visible
among the whole population, it should be noted that in that study, a daily dose of 40 mg/kg
of corticosterone was used (vs. 20 mg/kg/day in our study). It is conceivable that any
plausible change in the intrinsic excitability might only develop with longer corticosterone
treatments with a higher dose than the one used in our study. It should also be noted
that Prouty et al. [34] reported a decrease in the input resistance accompanied by reduced
membrane excitability of cells. Unless the input resistance is normalized by cell capacitance
to obtain the specific membrane resistance values, this phenomenon might distort the
assessment of intrinsic excitability [35].

To our knowledge, our findings are the first to characterize the effects of repeated
restraint on the intrinsic excitability of DRN projection cells. The results of Experiment
1 show that restraint stress reduced the gain factor of DRN putative 5-HT neurons, indicat-
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ing a decreased intrinsic excitability of these cells with no change in their input resistance,
which coincided with changes in forced swim test performance. It has recently been shown
that repeated restraint increases the density of 5-HTj 4 receptors, which promotes a re-
duction in neuronal excitability in the DRN of male rats [36]. Decreased excitability has
been reported following repeated restraint stress in rat paraventricular nucleus [22,23,35]
and mouse arcuate nucleus [37] of the hypothalamus. The mechanism of this effect is
likely to involve enhanced potassium currents, e.g., slowing a decay of rapidly activating,
rapidly inactivating voltage-gated potassium currents [38]. Our results show that increased
corticosterone level per se is unlikely to induce changes in active membrane properties of
DRN neurons and suggest that other factors related to activation of the stress response
of the organism, as in the case of restraint, are involved in the observed reduction of the
intrinsic excitability.

Both types of treatment used in the present study resulted in a superficially similar
increase in the mean frequency of sEPSCs recorded from DRN neurons. While the present
data show an increase in sEPSC frequency after corticosterone treatment, consistent with our
previous findings [16], a decrease or no change in the frequency of sEPSCs has been reported
in two subpopulations of DRN neurons [34]. Again, differences in experimental conditions
between the two studies are likely to account for this discrepancy. We have previously
found that repeated restraint and corticosterone administration enhance transmission
in local excitatory connections in the frontal cortex [24,39]. Likely, this effect may also
occur in the cortical input to DRN neurons and perhaps also in other excitatory synaptic
inputs to the DRN. It was found that repeated restraint stress does not alter the strength
of glutamatergic synapses in the DRN [40]. Still, it should be noted that in that study, the
restraint regime was employed for a longer time, and it is conceivable that the lack of effect
is related to the adaptation to restraint. Interestingly, in parvocellular neurons of the rat
hypothalamic paraventricular nucleus, restraint stress repeated for 3 days increased the
mean frequency of sEPSCs and decreased the rise time and the decay time constant of
sEPSCs [22]. These effects appear to be related to changes in the activation and deactivation
kinetics of postsynaptic AMPA receptors [41]. In the present study, repeated restraint stress,
but not corticosterone treatment, resulted in similar changes in the kinetics of sEPSCs. Of
note, it has been reported that single swim stress also increases the frequency of sEPSCs in
DRN serotonergic neurons, but in this case, it was accompanied by an increase in sEPSC
decay time [42]. It has been shown that noradrenaline, acting through oy adrenergic
receptors, controls glutamatergic synaptic transmission and plasticity in the DRN, and this
mechanism is impaired after chronic restraint stress [40]. It is tempting to speculate that
while increased plasma corticosterone levels increase glutamate release from presynaptic
terminals, only mechanisms are activated during a complete stress response, particularly the
sympathetic-adreno-medullar (SAM) axis, induce modifications on the postsynaptic side.

The results of Experiment 2 indicate that 5-HT7R activation decreases the frequency
of sEPSCs recorded from DRN neurons. Since most, if not all, glutamatergic inputs to
DRN projection neurons originate in other brain structures [9,10], it is unlikely that HT7Rs
could directly modulate excitatory synaptic activity recorded from DRN neurons in slice
preparations where afferent connections are cut. Moreover, activation of 5-HT7Rs increases
the spiking activity of glutamatergic neurons [43,44], which increases spontaneous synaptic
activity recorded from target cells. We have previously shown that 5-HT7Rs located on
DRN GABAergic interneurons can regulate inhibitory synaptic activity in the DRN [12],
which is consistent with present findings. GABA may gate glutamate release in the DRN
since many GABAergic terminals are organized in synaptic triads with a glutamatergic
terminal and a common postsynaptic target [45]. This particular synaptic arrangement may
explain the decrease in sEPSC frequency that occurs as a secondary effect to an increase
in the inhibitory synaptic activity in the DRN, observed after 5-HT7R activation with a
bath-applied agonist.

We have previously found that repeated corticosterone administration for 14 days
decreases GABAergic transmission within the DRN and that functional desensitization of



Int. . Mol. Sci. 2022, 23, 14303

12 of 16

5-HT7Rs located on DRN GABAergic interneurons is responsible for the lack of 5-HT7R-
mediated increase in the frequency of sIPSCs in DRN projection neurons after corticosterone
treatment [15]. Present data indicate that inhibitory synaptic transmission in the DRN
and its 5-HT7R-dependent modulation remain unchanged after repeated restraint stress,
demonstrating another difference in the outcome of repeated corticosterone administration
and repeated restraint on the functions of DRN neurons. A blunted inhibitory effect of
5-HT7R activation on sEPSC frequency observed after restraint stress is likely to result from
a distorted balance between enhanced excitatory and unchanged inhibitory synaptic activity
in the DRN after repeated restraint. Amelioration of the effects of restraint stress on sEPSC
frequency and neuronal excitability by the 5-HT7R antagonist SB 269970 complements
our earlier work that showed a reversal of detrimental effects of repeated corticosterone
administration on GABAergic transmission in the DRN by SB 269970 [15]. In both cases,
treatment with SB 269970 tends to restore the excitation/inhibition balance in the DRN
neuronal network. However, the mechanisms underlying these effects require further
investigation.

4. Materials and Methods
4.1. Animals

Male Wistar rats (Charles River Laboratories, Sulzfeld, Germany) weighing approx.
150 g on arrival were housed in groups in standard laboratory cages and maintained on
a 12-h light/dark schedule (lights on between 7 a.m. and 7 p.m.) with free access to
standard RM3 food (Special Diet Services, Witham, UK) and tap water. The experiments
were performed on animals at 7-10 weeks. The experimental procedures were approved
by the Local Ethics Committee for Animal Experiments at the Institute of Pharmacology,
Polish Academy of Sciences in Krakow. They were carried out in accordance with the
European Community guidelines for the use of experimental animals and the national law.

4.2. Experiment 1—The Effects of Corticosterone Administration and Restraint Stress on
Performance on the Forced Swim Test and Electrophysiology of DRN Neurons

4.2.1. Treatment

The animals were assigned to six groups. The number of animals in each group was 20.
Rats of the first experimental group received corticosterone injections subcutaneously (dose:
10 mg/kg, volume: 1 mL/kg; in 1% solution of vehicle (Tween 80 in water), [33] twice daily
for 7 days. The second group received corticosterone injections for 14 days. Control rats
received 1% Tween 80 injections for 7 or 14 days, respectively. Rats from the fifth group
were restrained in metal tubes (diameter: 55 mm) for 10 min, twice daily (beginning at 8:00
and 17:00) for 3 days [22]. The control group for this treatment included animals that were
handled for 10 min each day but otherwise treated similarly to restrained rats. Altogether,
120 rats were used in Experiment 1.

After the end of treatment 10 animals randomly selected from each group were
individually subjected to the FST. Rats were forced to swim in a cylinder (40 cm high, 18 cm
in diameter) filled up to a height of 35 cm with warm water (25 °C). The first (pre-test)
trial lasted for 15 min, while the second trial lasted for 5 min. There was a 24-h interval
between the first and the second trial. During the second trial, the duration of immobility,
total mobility, and climbing were measured [46].

4.2.2. Slice Preparation and Whole-Cell Recording

Brain slices containing the DRN were prepared from the remaining 10 animals of
each group 24 h after the last substance administration or restraint to avoid acute effects of
corticosterone and stress. Rats were anesthetized with isoflurane (Aerrane; Baxter Polska,
Warsaw, Poland) and decapitated. Their brains were quickly removed and placed in an
ice-cold artificial cerebrospinal fluid (ACSF) of the following composition (in mM): NaCl
(130), KCl1 (5), CaCl, (2.5), MgSO; (1.3), KH,PO4 (1.25), NaHCO; (1.25) and D-glucose
(10), bubbled with a mixture of 95% O, and 5% CO,. Midbrain slices (300 um) were cut
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in the coronal plane using a vibrating microtome (VT1000; Leica Microsystems, Wetzlar,
Germany) and incubated in ACSF at 30 £ 0.5 °C for at least 3 h. Individual slices were
placed in the recording chamber and superfused at 2.5 mL/min with warm (32 £ 0.5 °C),
modified ACSF containing (in mM): NaCl (132), KCl (2), CaCl; (2.5), MgSOy (1.3), KH,PO4
(1.25), NaHCOs (26) and D-glucose (10), bubbled with 95% O,-5% CO;. Recording pipettes
were pulled from borosilicate glass capillaries (Harvard Apparatus, Holliston, MA, USA)
using the P97 puller (Sutter Instrument, Novato, CA, USA). The pipette solution contained
(in mM): K-gluconate (130), NaCl (5), CaCl; (0.3), MgCl, (2), HEPES (10), Nay-ATP (5),
Na-GTP (0.4) and EGTA (1; osmolarity: 290 mOsm, pH = 7.2). Pipettes had an open tip
resistance of approx. 6 MQ).

Whole-cell recordings were obtained from the dorsal part of the midline region of
the DRN. Neurons were visualized using the Axioscope 2 upright microscope (Carl Zeiss,
Oberkochen, Germany) with Nomarski optics, a 40x water immersion lens, and an infrared
camera. Signals were recorded using the SEC 05LX amplifier (NPI, Tamm, Germany),
filtered at 2 kHz, and digitized at 20 kHz using Digidata 1440A interface and Clampex
10 software (Molecular Devices, San Jose, CA, USA). The firing characteristics of recorded
cells were assessed using rectangular current pulses (400 ms) in the current clamp mode.
Putative 5-HT DRN projection neurons were identified based on their response character-
istics [47]. The relationship between injected current intensity and the number of spikes
was plotted for each cell. The gain was determined as the slope of the straight line fitted to
experimental data.

To record sEPSCs, cells were voltage-clamped at —76 mV, and after 15 min of stabi-
lization, synaptic events were recorded for 4 min as inward currents. Next, cells were
voltage-clamped at 0 mV, and after 15 min of stabilization, sIPSCs were recorded for 4 min
as outward currents [12]. Spontaneous EPSCs and IPSCs were detected offline using the
Mini Analysis Program v.6 (Synaptosoft, Decatur, GA, USA), and individual events were
selected manually for further analysis. Data were accepted for the analysis when access
resistance ranged between 15 and 18 M() and was stable (<25% change) during recordings.
The threshold amplitude for the detection of sSEPSCs was set to 6 pA and for sIPSCs to
10 pA. EPSC and IPSC kinetics were determined from averaged events for each cell. Rise
time was measured as the time needed for the current to rise from 10 to 90% of the peak.
The decay time constant (tau) was determined by fitting an exponential function to the
decay phase of the current.

4.3. Experiment 2—Attenuation of the Effects of Repeated Restraint on the Excitability of DRN
Neurons and Spontaneous EPSCs by a 5HT7R Antagonist

4.3.1. Treatment

The animals were assigned to 4 groups. Rats of the first group were restrained in
metal tubes (diameter: 55 mm) for 10 min, twice daily (beginning at 8 a.m. and 7 p.m.) for
3 days [22]. These animals received intraperitoneal injections of SB 269970 (dose: 2.5 mg/kg,
volume: 1 mL/kg) once daily. Rats of the second group were restrained (10 min, twice daily
for 3 days) and received intraperitoneal injections of 0.9% NaCl once daily. Control groups
for this treatment included animals that were not restrained but instead were handled for
10 min, twice daily for 3 days and received either SB 269970 solution or 0.9% NaCl. The
number of animals in each group was 10. Altogether, 40 rats were used in Experiment 2.

4.3.2. Slice Preparation and Whole-Cell Recording

Brain slices were prepared, and cells were recorded as in Experiment 1. 5-carboxyamidotryp
tamine (5-CT, Tocris; 250 nM), a nonselective agonist of 5-HT1 4 and 5-HT7 receptors was used to
activate 5-HI7Rs. In order to block its effects on 5-HT; o receptors, a selective 5-HT; o antagonist
N-[2-[4-(2-Methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinylcyclohexanecarboxamide (WAY
100635, Tocris, 2 uM) was added to ACSE. SB 269970 hydrochloride was obtained from Hello Bio.
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4.4. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 9 software (Graphpad
Software Inc., San Diego, CA, USA). The analysis of behavioral and electrophysiological
data in Experiment 1 was carried out using the Student’s t-test for independent samples. In
Experiment 2, the analysis of basal parameters characterizing cell membrane properties
and postsynaptic currents, after checking normality with the Shapiro-Wilk test, was carried
out using one-way ANOVA followed by Tukey’s multiple comparison test. Data from
recordings involving 5-HTy receptor activation were analyzed using two-way ANOVA,
followed by Sidak’s post hoc test. The percentage change relative to baseline was used as
the dependent variable for estimating the effects on synaptic activity in slices from different
treatment groups. The significance level was set at p = 0.05 for all comparisons. The results
are expressed as the mean + SEM.

5. Conclusions

In summary, this study demonstrates that while repeated restraint stress and repeated
corticosterone administration evoke similar changes in performance on the forced swim test,
these treatments differ in their consequences for the intrinsic excitability of DRN projection
neurons and the excitatory and inhibitory synaptic inputs they receive. These findings
provide a rationale for investigating the roles of the HPA and SAM axes in mediating the
effects of chronic stress on the neuronal functions of the DRN.

Author Contributions: Conceptualization, ].B. and G.H.; Data curation, J.B. and B.B.; Formal analysis,
J.B. and B.B.; Funding acquisition, G.H.; Investigation, J.B.; Methodology, ].B.; Project administration,
G.H.; Supervision, G.H.; Visualization, B.B.; Writing—original draft, G.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the grant DEC-2013/11/B/NZ4/04743 financed by the
National Science Center, Poland, and by statutory funds from Maj Institute of Pharmacology, Polish
Academy of Sciences, Krakow, Poland.

Institutional Review Board Statement: The animal study protocol was approved by the Local Ethics
Committee for Animal Experiments at the Institute of Pharmacology, Polish Academy of Sciences in
Krakow (project identification code: 1108/2014, date of approval: 25 September 2014).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Marcin Siwiec for improving the English of this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Reagan, L.P.; Grillo, C.A.; Piroli, G.G. The As and Ds of stress: Metabolic, morphological and behavioral consequences. Eur. J.
Pharmacol. 2008, 585, 64-75. [CrossRef] [PubMed]

2. Hammen, C.; Kim, E.Y.; Eberhart, N.K.; Brennan, P.A. Chronic and acute stress and the prediction of major depression in women.
Depress. Anxiety 2009, 26, 718-723. [CrossRef] [PubMed]

3.  Tafet, G.E.; Nemeroff, C.B. The links between stress and depression: Psychoneuroendocrinological, genetic, and environmental
interactions. J. Neuropsychiatry Clin. Neurosci. 2016, 28, 77-88. [CrossRef] [PubMed]

4. Chaouloff, F. Serotonin, stress and corticoids. J. Psychopharmacol. 2000, 14, 139-151. [CrossRef]

5. Murnane, K.S. Serotonin 2A receptors are a stress response system: Implications for post-traumatic stress disorder. Behav.
Pharmacol. 2019, 30, 151-162. [CrossRef]

6. Lages, YY"WM,; Rossi, A.D.; Krahe, T.E.; Landeira-Fernandez, J. Effect of chronic unpredictable mild stress on the expression profile
of serotonin receptors in rats and mice: A meta-analysis. Neurosci. Biobehav. Rev. 2021, 124, 78-88. [CrossRef]

7. Vincent, M.Y.; Jacobson, L. Glucocorticoid receptor deletion from the dorsal raphé nucleus of mice reduces dysphoria-like
behavior and impairs hypothalamic-pituitary-adrenocortical axis feedback inhibition. Eur. J. Neurosci. 2014, 39, 1671-1681.
[CrossRef]

8.  Lesiak, A.J.; Coffey, K,; Cohen, ].H.; Liang, K.J.; Chavkin, C.; Neumaier, ].F. Sequencing the serotonergic neuron translatome

reveals a new role for Fkbp5 in stress. Mol. Psychiatry 2021, 26, 4742-4753. [CrossRef]


http://doi.org/10.1016/j.ejphar.2008.02.050
http://www.ncbi.nlm.nih.gov/pubmed/18387603
http://doi.org/10.1002/da.20571
http://www.ncbi.nlm.nih.gov/pubmed/19496077
http://doi.org/10.1176/appi.neuropsych.15030053
http://www.ncbi.nlm.nih.gov/pubmed/26548654
http://doi.org/10.1177/026988110001400203
http://doi.org/10.1097/FBP.0000000000000459
http://doi.org/10.1016/j.neubiorev.2021.01.020
http://doi.org/10.1111/ejn.12538
http://doi.org/10.1038/s41380-020-0750-4

Int. . Mol. Sci. 2022, 23, 14303 150f 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Soiza-Reilly, M.; Commons, K.G. Glutamatergic drive of the dorsal raphe nucleus. J. Chem. Neuroanat. 2011, 41, 247-255.
[CrossRef]

Zhou, L,; Liu, M.-Z.; Li, Q.; Deng, J.; Mu, D.; Sun, Y.-G. Organization of functional long-range circuits controlling the activity of
serotonergic neurons in the dorsal raphe nucleus. Cell Rep. 2017, 18, 3018-3032. [CrossRef]

Liu, R.; Jolas, T.; Aghajanian, G. Serotonin 5-HT(2) receptors activate local GABA inhibitory inputs to serotonergic neurons of the
dorsal raphe nucleus. Brain Res. 2000, 873, 34-45. [CrossRef]

Kusek, M.; Sowa, J.; Kamiriska, K.; Golembiowska, K.; Tokarski, K.; Hess, G. 5-HTy receptor modulates GABAergic transmission
in the rat dorsal raphe nucleus and controls cortical release of serotonin. Front. Cell Neurosci. 2015, 9, 324. [CrossRef] [PubMed]
Soiza-Reilly, M.; Commons, K.G. Unraveling the architecture of the dorsal raphe synaptic neuropil using high-resolution
neuroanatomy. Front. Neural. Circuits 2014, 8, 105. [CrossRef] [PubMed]

Sterner, E.Y.; Kalynchuk, L.E. Behavioral and neurobiological consequences of prolonged glucocorticoid exposure in rats:
Relevance to depression. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2010, 34, 777-790. [CrossRef] [PubMed]

Sowa, J.; Kusek, M.; Siwiec, M.; Sowa, J.E.; Bobula, B.; Tokarski, K.; Hess, G. The 5-HT; receptor antagonist SB 269970 ameliorates
corticosterone-induced alterations in 5-HT7 receptor-mediated modulation of GABAergic transmission in the rat dorsal raphe
nucleus. Psychopharmacology 2018, 235, 3381-3390. [CrossRef] [PubMed]

Sowa, J.; Kusek, M.; Bobula, B.; Hess, G.; Tokarski, K. Ketamine Administration Reverses Corticosterone-Induced Alterations in
Excitatory and Inhibitory Transmission in the Rat Dorsal Raphe Nucleus. Neural Plast. 2019, 2019, 3219490. [CrossRef]

Godoy, L.D.; Rossignoli, M.T.; Delfino-Pereira, P.; Garcia-Cairasco, N.; de Lima Umeoka, E.H. A Comprehensive Overview on
Stress Neurobiology: Basic Concepts and Clinical Implications. Front. Behav. Neurosci. 2018, 12, 127. [CrossRef]

Chen, X.; Herbert, J. Regional changes in c-fos expression in the basal forebrain and brainstem during adaptation to repeated
stress: Correlations with cardiovascular, hypothermic and endocrine responses. Neuroscience 1995, 64, 675-685. [CrossRef]
Gadek-Michalska, A.; Spyrka, J.; Rachwalska, P.; Tadeusz, J.; Bugajski, J. Influence of chronic stress on brain corticosteroid
receptors and HPA axis activity. Pharmacol. Rep. 2013, 65, 1163-1175. [CrossRef]

Sadler, A.M.; Bailey, S.]. Repeated daily restraint stress induces adaptive behavioural changes in both adult and juvenile mice.
Physiol. Behav. 2016, 167, 313-323. [CrossRef]

Shoji, H.; Miyakawa, T. Differential effects of stress exposure via two types of restraint apparatuses on behavior and plasma
corticosterone level in inbred male BALB/cAJcl mice. Neuropsychopharmacol. Rep. 2020, 40, 73-84. [CrossRef]

Kusek, M.; Tokarski, K.; Hess, G. Repeated restraint stress enhances glutamatergic transmission in the paraventricular nucleus of
the rat hypothalamus. J. Physiol. Pharmacol. 2013, 64, 565-570. [PubMed]

Kusek, M.; Tokarska, A.; Siwiec, M.; Gadek-Michalska, A.; Szewczyk, B.; Hess, G.; Tokarski, K. Nitric Oxide Synthase In-
hibitor Attenuates the Effects of Repeated Restraint Stress on Synaptic Transmission in the Paraventricular Nucleus of the Rat
Hypothalamus. Front. Cell. Neurosci. 2017, 11, 127. [CrossRef] [PubMed]

Tokarski, K.; Bobula, B.; Kusek, M.; Hess, G. The 5-HT(7) receptor antagonist SB 269970 counteracts restraint stress-induced
attenuation of long-term potentiation in rat frontal cortex. J. Physiol. Pharmacol. 2011, 62, 663-667. [PubMed]

Roberts, C.; Thomas, D.R.; Bate, S.T.; Kew, ].N. GABAergic modulation of 5-HT; receptor-mediated effects on 5-HT efflux in the
guinea-pig dorsal raphe nucleus. Neuropharmacology 2004, 46, 935-941. [CrossRef] [PubMed]

Lussier, A.L.; Lebedeva, K.; Fenton, E.Y.; Guskjolen, A.; Caruncho, H.J.; Kalynchuk, L.E. The progressive development of
depression like behavior in corticosterone-treated rats is paralleled by slowed granule cell maturation and decreased reelin
expression in the adult dentate gyrus. Neuropharmacology 2013, 71, 174-183. [CrossRef]

Hill, M.N; Brotto, L.A.; Lee, T.T.Y.; Gorzalka, B.B. Corticosterone attenuates the antidepressant-like effects elicited by melatonin
in the forced swim test in both male and female rats. Prog. Neuropsychopharmacol. Biol. Psychiatry 2003, 27, 905-911. [CrossRef]
Gregus, A.; Wintink, A.J.; Davis, A.C.; Kalynchuk, L.E. Effect of repeated corticosterone injections and restraint stress on anxiety
and depression-like behavior in male rats. Behav. Brain Res. 2005, 156, 105-114. [CrossRef]

Stamp, J.A.; Herbert, ]. Multiple immediate-early gene expression during physiological and endocrine adaptation to repeated
stress. Neuroscience 1999, 94, 1313-1322. [CrossRef]

Viau, V.; Sawchenko, P.E. Hypophysiotropic neurons of the paraventricular nucleus respond in spatially, temporally, and
phenotypically differentiated manners to acute vs. repeated restraint stress: Rapid publication. J. Comp. Neurol. 2002, 445, 293-307.
[CrossRef]

Grissom, N.; Bhatnagar, S. Habituation to repeated stress: Get used to it. Neurobiol. Learn. Mem. 2009, 92, 215-224. [CrossRef]
[PubMed]

Philippe, T.J.; Bao, L.; Koblanski, M.E.; Viau, V. Sex differences in serotonin 5-HT 1A receptor responses to repeated restraint
stress in adult male and female rats. Int. |. Neuropsychopharmacol. 2022, 25, 863-876. [CrossRef] [PubMed]

Yamaguchi, N.; Nakajima, N.; Okada, S.; Yuri, K. Effects of aging on stress-related responses of serotonergic neurons in the dorsal
raphe nucleus of male rats. Neurobiol. Stress 2016, 3, 43-51. [CrossRef] [PubMed]

Prouty, EW.; Chandler, D.J.; Gao, W.-].; Waterhouse, B.D. Selective vulnerability of dorsal raphe-medial prefrontal cortex
projection neurons to corticosterone-induced hypofunction. Eur. J. Neurosci. 2019, 50, 1712-1726. [CrossRef] [PubMed]
Matovic, S.; Ichiyama, A.; Igarashi, H.; Salter, EEW.; Sunstrum, ].K.; Wang, X.F,; Henry, M.; Kuebler, E.S.; Vernoux, N.; Martinez-
Trujillo, J.; et al. Neuronal hypertrophy dampens neuronal intrinsic excitability and stress responsiveness during chronic stress.
J. Physiol. 2020, 598, 2757-2773. [CrossRef]


http://doi.org/10.1016/j.jchemneu.2011.04.004
http://doi.org/10.1016/j.celrep.2017.02.077
http://doi.org/10.1016/S0006-8993(00)02468-9
http://doi.org/10.3389/fncel.2015.00324
http://www.ncbi.nlm.nih.gov/pubmed/26347612
http://doi.org/10.3389/fncir.2014.00105
http://www.ncbi.nlm.nih.gov/pubmed/25206323
http://doi.org/10.1016/j.pnpbp.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20226827
http://doi.org/10.1007/s00213-018-5045-y
http://www.ncbi.nlm.nih.gov/pubmed/30267130
http://doi.org/10.1155/2019/3219490
http://doi.org/10.3389/fnbeh.2018.00127
http://doi.org/10.1016/0306-4522(94)00532-A
http://doi.org/10.1016/S1734-1140(13)71474-9
http://doi.org/10.1016/j.physbeh.2016.09.014
http://doi.org/10.1002/npr2.12093
http://www.ncbi.nlm.nih.gov/pubmed/24304570
http://doi.org/10.3389/fncel.2017.00127
http://www.ncbi.nlm.nih.gov/pubmed/28515682
http://www.ncbi.nlm.nih.gov/pubmed/22314569
http://doi.org/10.1016/j.neuropharm.2004.01.010
http://www.ncbi.nlm.nih.gov/pubmed/15081790
http://doi.org/10.1016/j.neuropharm.2013.04.012
http://doi.org/10.1016/S0278-5846(03)00149-0
http://doi.org/10.1016/j.bbr.2004.05.013
http://doi.org/10.1016/S0306-4522(99)00368-1
http://doi.org/10.1002/cne.10178
http://doi.org/10.1016/j.nlm.2008.07.001
http://www.ncbi.nlm.nih.gov/pubmed/18667167
http://doi.org/10.1093/ijnp/pyac046
http://www.ncbi.nlm.nih.gov/pubmed/35904324
http://doi.org/10.1016/j.ynstr.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/27981176
http://doi.org/10.1111/ejn.14355
http://www.ncbi.nlm.nih.gov/pubmed/30687960
http://doi.org/10.1113/JP279666

Int. . Mol. Sci. 2022, 23, 14303 16 of 16

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Goel, N.; Philippe, T.J.; Chang, J.; Koblanski, M.E.; Viau, V. Cellular and serotonergic correlates of habituated neuroendocrine
responses in male and female rats. Psychoneuroendocrinology 2022, 136, 105599. [CrossRef]

Ha, G.E.; Cheong, E. Chronic Restraint Stress Decreases the Excitability of Hypothalamic POMC Neuron and Increases Food
Intake. Exp. Neurobiol. 2021, 30, 375-386. [CrossRef]

Senst, L.; Baimoukhametova, D.; Sterley, T.-L.; Bains, J.S. Sexually dimorphic neuronal responses to social isolation. eLife 2016,
5,e18726. [CrossRef]

Kula, J.; Gugula, A.; Blasiak, A.; Bobula, B.; Danielewicz, J.; Kania, A.; Tylko, G.; Hess, G. Diverse action of repeated corticosterone
treatment on synaptic transmission, neuronal plasticity, and morphology in superficial and deep layers of the rat motor cortex.
Pflug. Arch. Eur. |. Physiol. 2017, 469, 1519-1532. [CrossRef]

Haj-Dahmane, S.; Shen, R.-Y. Chronic stress impairs «1-adrenoceptor-induced endocannabinoid-dependent synaptic plasticity in
the dorsal raphe nucleus. . Neurosci. 2014, 34, 14560-14570. [CrossRef]

Marty, V.; Kuzmiski, ].B.; Baimoukhametova, D.V.; Bains, J.S. Short-term plasticity impacts information transfer at gluta-
mate synapses onto parvocellular neuroendocrine cells in the paraventricular nucleus of the hypothalamus. J. Physiol. 2011,
589, 4259-4270. [CrossRef] [PubMed]

Kirby, L.G.; Pan, Y.-Z.; Freeman-Daniels, E.; Rani, S.; Nunan, ].D.; Akanwa, A.; Beck, S.G. Cellular effects of swim stress in the
dorsal raphe nucleus. Psychoneuroendocrinology 2007, 32, 712-723. [CrossRef] [PubMed]

Tokarski, K.; Zahorodna, A.; Bobula, B.; Hess, G. 5-HTy receptors increase the excitability of rat hippocampal CA1 pyramidal
neurons. Brain Res. 2003, 993, 230-234. [CrossRef] [PubMed]

Siwiec, M.; Kusek, M.; Sowa, ].E.; Tokarski, K.; Hess, G. 5-HTy receptors increase the excitability of hippocampal CA1 pyramidal
neurons by inhibiting the A-type potassium current. Neuropharmacology 2020, 177, 108248. [CrossRef]

Soiza-Reilly, M.; Anderson, W.B.; Vaughan, C.W.; Commons, K.G. Presynaptic gating of excitation in the dorsal raphe nucleus by
GABA. Proc. Natl. Acad. Sci. USA 2013, 110, 15800-15805. [CrossRef]

Sowa, J.; Bobula, B.; Glombik, K.; Slusarczyk, J.; Basta-Kaim, A.; Hess, G. Prenatal stress enhances excitatory synaptic transmission
and impairs long-term potentiation in the frontal cortex of adult offspring rats. PLoS ONE 2015, 10, €0119407. [CrossRef]
Galindo-Charles, L.; Hernandez-Lopez, S.; Galarraga, E.; Tapia, D.; Bargas, J.; Garduiio, J.; Frias-Dominguez, C.; Drucker-Colin,
R.; Mihailescu, S. Serotoninergic dorsal raphe neurons possess functional postsynaptic nicotinic acetylcholine receptors. Synapse
2008, 62, 601-615. [CrossRef]


http://doi.org/10.1016/j.psyneuen.2021.105599
http://doi.org/10.5607/en21037
http://doi.org/10.7554/eLife.18726
http://doi.org/10.1007/s00424-017-2036-5
http://doi.org/10.1523/JNEUROSCI.1310-14.2014
http://doi.org/10.1113/jphysiol.2011.208082
http://www.ncbi.nlm.nih.gov/pubmed/21727221
http://doi.org/10.1016/j.psyneuen.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17602840
http://doi.org/10.1016/j.brainres.2003.09.015
http://www.ncbi.nlm.nih.gov/pubmed/14642852
http://doi.org/10.1016/j.neuropharm.2020.108248
http://doi.org/10.1073/pnas.1304505110
http://doi.org/10.1371/journal.pone.0119407
http://doi.org/10.1002/syn.20526

	Introduction 
	Results 
	Comparison of the Effects of Repeated Corticosterone Administration and Repeated Restraint on the Forced Swim Test 
	Comparison of the Effects of Repeated Corticosterone Administration and Repeated Restraint on Intrinsic Excitability of DRN Neurons and Their Synaptic Inputs 
	SB 269970 Attenuates the Effects of Repeated Restraint on the Excitability of DRN Neurons and Spontaneous EPSCs 
	SB 269970 Counteracts the Effects of Repeated Restraint on 5-HT7 Receptor-Mediated Changes in the Frequency of Spontaneous EPSCs 

	Discussion 
	Materials and Methods 
	Animals 
	Experiment 1—The Effects of Corticosterone Administration and Restraint Stress on Performance on the Forced Swim Test and Electrophysiology of DRN Neurons 
	Treatment 
	Slice Preparation and Whole-Cell Recording 

	Experiment 2—Attenuation of the Effects of Repeated Restraint on the Excitability of DRN Neurons and Spontaneous EPSCs by a 5HT7R Antagonist 
	Treatment 
	Slice Preparation and Whole-Cell Recording 

	Statistical Analysis 

	Conclusions 
	References

